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ABSTRACT
DEVELOPMENT OF A REAL-TIME CALORIMETER FOR MONITORING 
ELECTRON BEAM CURING OF POLYMER RESINS
Name: Anish Parimal Desai
University of Dayton, 2004
Research Advisor: Donald Klosterman, Ph.D.
The development of a simple calorimeter and associated analytical heat transfer 
model are described, and its implementation is demonstrated herein. This technique was 
developed to measure the reaction rate for a neat polymer resin system undergoing high 
energy (e.g. 3 MeV) e-beam irradiation. The degree of cure as a function of time was
calculated from the reaction rate and total heat of reaction. The calorimeter was also
capable of quantifying the radiation dose rate received by the sample throughout the 
e-beam cure cycle. The operations of the calorimeter were demonstrated with a model 
epoxy compound, phenyl glycidyl ether (PGE), homopolymerized through a cationic 
chain mechanism. The reaction rate was measured throughout several beam on-off 
cycles. The measured cure rates and calculated degree of cure of epoxy were compared 
with predictions from the Lee-Palmese kinetics model, which was previously developed 
using real time Near Infrared (NIR) spectroscopy. Overall, excellent agreement was 
observed between the calorimeter-measured rate and calculated degree of cure and the
iii
Lee-Palmese model predicted rate and degree of cure rate during low dose rate 
irradiation. However it was found that the agreement was not good at high dose rate 
irradiation. The cause of this discrepancy was experimentally investigated and it was 
attributed to the heat of vaporization associated with formation of bubbles in the resin 
observed only during high dose rate irradiation, which was not accounted for in the 
calorimeter analytical equations. Finally, the in-situ dose rate calculated using the 
calorimeter analytical model was found to be higher than the dose rate independently 
measured using film dosimetry, and through semi-empirical arguments the in-situ results
were demonstrated to be an accurate and reliable measurement of the dose rate received
in real time.
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materials has emerged as a potentially viable technology [12-24]. In Europe, the French 
company Aerospatiale began research in the area of e-beam curing of composites in the 
late 1970s because of the potential to reduce manufacturing costs [3, 15]. Using e-beam 
technology, Aerospatiale produced large filament-wound rocket motor cases in 1990 [3, 
15]. In the mid 1990s, the US Defense Advanced Research Project Agency (DARPA) 
and the Air Force Research Laboratory (AFRL) sponsored research on the use of electron 
beam curing of composite materials used in aircraft. This program, Affordable Polymer 
Composite Structure (APCS) was designed to demonstrate technical feasibility of e-beam 
in cost reduction of composite materials used for aerospace applications [3, 15, 20]. 
Another large DARPA sponsored program in mid 1990s was the Integrated Airframe 
Technology for Affordability (IATA) program. These DARPA programs were led by 
Northrop Grumman and Lockheed Martin, respectively [15]. A third major research 
effort in the 1990s was done to mature and develop e-beam technology through a 
Cooperative Research and Development Agreement (CRADA) of many companies with 
the Department of Energy’s (DOE) Oak Ridge National Laboratories [3].
Even though the use of electron beams for polymer composite curing has received 
great deal of attention in recent years, especially for aerospace applications, there are 
many technical issues that must be resolved in order to take full advantage of this 
technology. These issues center on the performance of the resin itself, which in general 
was shown to be inferior to thermally-cured qualified aerospace baseline resins. Some of 
these issues have received attention only in recent years. Although there was a dramatic
improvement in e-beam curable resins during 1990s [22-24], a performance gap still 
exists as of the present. Challenges include the necessity to specially formulate certain
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resin systems, such as epoxy, to be reactive to e-beam radiation [25]. In order to improve 
e-beam curable resin systems that can be used to make high quality composite parts for 
aerospace applications, it will be important to understand and optimize the e-beam curing 
(i.e. crosslinking) process for aerospace appropriate resin systems [3, 26]. However, to 
understand the chemical physical, and kinetics phenomena for polymer resin systems 
undergoing e-beam irradiation, adequate real-time analytical sensor techniques need to be 
developed and/or modified [27].
Fortunately, in recent years a number of cure monitoring techniques such as 
dielectric, near infrared (NIR) spectroscopy, and calorimetry, have been applied to 
e-beam curing [25-31]. The Laboratory for Research on Electron Beam Curing of 
Composites at the University of Dayton Research Institute (UDRI) in Ohio was 
established in the year 2000 in cooperation with the Air Force Research Laboratory 
(Wright Patterson AFB, Ohio) to set up and use various sensors to study e-beam curing of 
polymer resin systems [11, 32]. The focus of the research to date has been placed on neat 
resin systems.
The objective of this study was to develop a calorimeter and associated heat 
transfer model to measure the reaction rates and in-situ radiation dose rates for a polymer 
resin under going e-beam irradiation. With this technique, data is collected in real time, 
and the analysis is performed subsequently via a computer spreadsheet analysis. From 
the measured reaction rate, the degree of cure can be calculated as a function of time. To 
verify the accuracy of the technique, data was collected for a model epoxy resin, and 
results were compared to that predicted by the recently developed Lee-Palmese cure 
kinetics model [25], which was derived from spectroscopic analysis of the same material.
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CHAPTER 2
LITERATURE REVIEW
In this chapter, a review of applications of e-beam cured polymer composites are 
discussed, including advantages of e-beam cured polymer composites, comparison of 
e-beam cured composites with traditionally used thermal curing methods (e.g. autoclave 
or oven), and issues associated with the e-beam cured composite. Also, the use of 
sensors for process monitoring of e-beam curing of composites is discussed. These 
sensors include thermocouples and recently developed techniques such as calorimetry 
and near infrared spectroscopy (NIR). The calorimeter and NIR spectroscopy, although 
fundamentally different, can still be used as complimentary techniques [25, 26, 30], 
Finally, a brief review of the reaction rates of epoxy homopolymerization measured by 
these techniques is given.
2.1 Applications of E-Beam Curing
One of the major commercial applications of e-beam technology is in the area of 
polymer crosslinking. The common industrial applications of e-beam crosslinked 
polymeric materials are given in Table 1 [17]. High performance crosslinked polymers 
are heavily relied on for aerospace composite materials in applications such as rocket 
motor cases, satellite parts, and on aircrafts. In these applications, the use of thermal 
curing techniques is well established, although with certain disadvantages associated with
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high temperature exposure. E-beam curing is being investigated as a lower temperature 
alternative. Given next is a brief summary of major research and development effort 
since late 1980s demonstrating the benefits of e-beam curing for moderate to large size 
aerospace composite structures.
Table 1: E-beam curable polymer classes, applications, and types of detailed e-beam 
processes used [17].
Material/Substrate Application EB Process
Polyolefins and polyvinyl 
chloride (PVC)
Wire and cable insulation,
Improving thermal stability, 
uniformity and fine structure 
for packaging and insulation, 
rubber sheeting
Cross-linking with high- 
energy (0.4-3 MeV) 
electrons, at approximately
10 kGy or higher
Elastomers Tire manufacture Cross-linking with high- energy electrons
Wood impregnated with 
acrylic and methacrylic 
monomers
No-wear high-performance 
floors for high traffic areas Polymerization by EB
Polymeric films, metallic 
foils, paper, metal, wood
Curing of adhesives, coatings 
and inks
Low-energy irradiation in the
100 to 500 keV range at for 
100 -200 kGy
Polytetrafluoroethylene
Degradation into low 
molecular weight products 
("micropowders" used as
additives for coatings, 
lubricants and inks)
Polymer chain scission via 
high-energy irradiation for 
200 to 400 kGy
The French company Aerospatiale used filament wound carbon fiber with 
thermally cured epoxy resin in manufacturing of solid propellant rocket motor cases. The 
curing process normally took about four days. In one study researchers at the
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/Aerospatiale used a 10 MeV electron beam combined with indirectly generated X-rays, 
and reduced curing time from four days to less than eight hours [15].
Under the Affordable Polymer Composite Structures (APCS) program, Northrop 
Grumman demonstrated the use of e-beam curable epoxy resin CAT-B prepreg and 
methacrylate based Loctite 334 adhesives on the fuselage assembly of F/A-18E/F fighter 
[15]. Lockheed Martin, under the Integrated Airframe Technology for Affordability 
(IATA) program, focused on e-beam curable composites and adhesives to create large 
integrated airframe structures. To further demonstrate the application of the e-beam 
technology in the aerospace area, Lockheed Martin chose the wing/fuselage section of the 
Advance Short Takeoff and Vertical Landing (ASTOVL) aircraft. The US Air Force’s 
supersonic training aircraft T-38 Talon’s windshield frame and arch materials were also 
cured by e-beam irradiation. These windshield frames were required to withstand a 
1.8 kg bird impact at 740 km/hour [15]. The bird impact tests on the windshield frame 
fabricated using e-beam curing revealed that the frame survived bird impact testing, and 
the resultant damage was comparable to the baseline frames fabricated using 
conventional curing methods (e.g. autoclave) [15].
The US Army sponsored a program in which side skirts for the Army’s 
Composite Armored Vehicle (CAV) were fabricated using e-beam cured composite 
panels [15]. The US Army demonstrated that the multiple layers, which included base 
composite, rubber, adhesive, ceramic tile, electromagnetic interference shielding and 
signature protection can be co-cured together at near-ambient temperature using e-beam
[15,33].
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2.2 Advantages of E-Beam Technology in Polymer Composites Processing
The major advantage of e-beam curing is that the curing can be carried out at or 
near room temperature [3, 13, 15]. The e-beam process does not rely on volumetric 
heating, unlike the traditional thermal curing processes such as autoclave curing [3]. 
Therefore e-beam curing allows use of low temperature, low-cost tooling materials such 
as wood, plaster or foam [15]. High temperature tooling materials and fabrication are 
generally very expensive [3]. The design of tooling that is used in traditional thermal 
curing processes requires that the deformation of the tool must be taken into account 
during the heat up and cooling down [3]. In e-beam curing, better control of temperature 
can be achieved; therefore, issues such as thermal expansion of tool and composite are 
minimized. Thus one of the major advantages of e-beam curing is simply to reduce 
tooling costs by up to 61% [3]. Room temperature curing can also reduce the residual 
thermal stresses between fiber and matrix in the composite [3, 15]. Residual stresses can 
cause microcracking in composite materials when they are undergoing thermal cycling 
during use. Microcracking can lead to degradation and/or alteration of composite’s 
mechanical and physical properties, change in dimensions, and increased offgassing of 
volatiles [3]. Although the temperature will rise locally in the composite due to 
exothermic reactions primarily, and direct beam energy to a less degree, but temperature 
can be controlled through the amount of radiation dose applied by allowing the composite 
to pass many times under the e-beam and using cooling techniques between passes [3].
E-beam curing rates are relatively fast compared to thermal curing methods. The 
time to e-beam cure a composite part can be reduced by a factor of ten compared to 
thermal curing, depending on the part’s dimensions and heat transfer limitations [3], This
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is a significant advantage over thermal curing methods for production of composite 
structures that require higher production rates. Very large composite parts that cannot be 
cured using autoclave due to its limitations such as maximum available size can be cured 
using e-beam. The large parts such as a 100 ft long fuel tank for the proposed X-33 
reusable launch vehicle can be cured using the e-beam [14]. However, the size of part 
that can be cured by e-beam is limited by the fact that e-bam accelerator facilities require 
shielding to protect people from radiation [3].
Other advantages of e-beam curing are that the e-beam curable resin systems 
generally have longer shelf life because polymerization is initiated by radiation. This 
alleviates the storage and handling requirements for resins such as freezer storage [3]. 
E-beam curing allows co-curing and co-bonding of dissimilar materials because of its 
ability to cure parts at lower temperatures [3, 15]. Therefore the number of process steps 
required to produce composite part are decreased, and hence composite fabrication costs 
are lowered [3]. In terms of energy consumption, e-beam curing is an energy efficient 
process. The energy efficiencies for two different size autoclaves and a 10 MeV, 50 kW 
Impela e-beam accelerator are given in Table 2 [34]. The assumptions in calculating 
energy efficiencies included four-hour autoclave cycle that was comparable to 100 kGy 
of absorbed radiation dose and with 70% utilization of the e-beam accelerator energy 
[34]. That means that 70% of the energy generated by the accelerator will be absorbed 
by the material undergoing e-beam irradiation. It was concluded that based on purely 
energy consumption, e-beam curing used approximately one tenth the energy of
autoclave curing [34].
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Table 2: Comparison of energy efficiencies between autoclave and e-beam accelerator 
[34].
Equipment Specification Total Energy (kW-hr)
Capacity
(kg/hr) Dose (kGy)
Energy
Efficiency
(kW«hr2)/kg
Autoclave
Length
12.2 m 
Diameter
2.4 m
480 273 None 1.76
Autoclave
Length
15.2 m 
Diameter
7.6 m
7,660 2,730 None 2.86
Impela 50 kW 400 1,800 100 0.22
2.3 Issues Associated with the E-Beam Cured Composites
E-beam curing is a promising technology for curing of polymer composite 
materials. However, much research needs to be done in order to make e-beam curing 
competitive technology for aerospace and military applications. The composite parts that 
are used in aerospace applications have to meet very stringent requirements and have to 
be able to function under extreme environments. The following are issues that need to be 
addressed with respect to e-beam curing of polymer composites.
One issue is a poor interface between e-beam curable resin and fiber. According 
to Abrams and Toile [3], micrographs of failed e-beam cured composites showed 
indication of a weak fiber-matrix interface [3]. The poor interface causes degradation in 
composite laminate properties, especially Inter Laminar Shear Strength (ILSS) [3, 15, 35] 
and compression properties (e.g. strength and modulus) [13]. Some possible explanations 
are fiber sizing (i.e. chemical coating applied to fiber) and fiber surface treatments are 
incompatible with e-beam curable resins. E-beam curing is a relatively rapid process; 
therefore, resin may not have sufficient time to fully wet the surface of the fibers [3].
10
Other issues are voids, long term predictability of e-beam cured composites, and 
need to develop e-beam curable resins with mechanical properties that can be comparable 
to thermally curable resins. It was found that composites cured with e-beam have higher 
levels of voids (e.g. pocket of gas or air within composite) [3]. Voids within laminates 
can reduce ILSS drastically. The ILSS will decrease by 7% for each 1% of void present 
in the composite materials [36]. In thermal curing processes such as autoclave, use of 
high pressure and temperature will cause resin to flow, thus minimizing voids, but 
e-beam curing does not involve use of high pressure. Therefore for composite parts that 
require very low void contents, e-beam curing has to be used in combination with other 
composite consolidation processes such as vacuum bagging, Vacuum Assisted Resin 
Transfer Molding (VARTM), and Resin Transfer Molding (RTM) [3]. Finally, a 
fundamental issue is that the cure reactions become diffusion controlled as the polymer
vitrifies in.
As mentioned previously, the e-beam cured composites have lower residual stress 
build up than thermally cured composites [3, 15]. However, to this date there are a 
limited number of studies done which have examined the development of residual 
stresses during e-beam curing [37, 38]. Residual stresses in cured composites are 
functions of many variables such as difference in coefficient of thermal expansion (CTE) 
between fibers and resin, CTE difference between composite parts and tooling materials
[3], and shrinkage of resin during cure [3,37]. E-beam curing process is fast and
therefore chances of creating localized stresses are higher [3].
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In order to use e-beam curable composites on aircraft and spacecraft, it is essential 
to know the long term aging and degradation of composite parts. However, these types 
of studies require significant time and money. In order to test the long term impact of 
e-beam curable composites, it is essential to first develop e-beam curable resins with 
good mechanical properties comparable to thermally curable resins. Research in the area 
of developing e-beam curable resins for advanced composite applications has already 
begun. Out of all the resin systems that can be cured via e-beam, two resin systems have 
shown most promise for composite applications [15]. The first resin system is based on 
acrylate and/or methacrylate functional groups which cure via free radical chain 
polymerization (e.g. vinyl ester resins). The advantages of these systems are high 
reactivity, good stiffness, and control over viscosity; thus they offer ease in processing, 
and long shelf life [15], However, disadvantages of acrylate/methacrylate based resin 
systems are high shrinkage after cure (8 to 20%), low glass transition temperature (Tg) 
compared to the thermally cured epoxies, and low fracture toughness [15]. The second 
resin system is epoxy resins that homopolymerize via cationic initiation. These systems 
require use of photoinitiator to initiate polymerization [15], Janke et al. have formulated 
and evaluated several such epoxy resin systems for e-beam curing [39]. They found that 
such epoxy systems have glass transition temperatures (Tg) equal or greater than those of 
thermally cured epoxy resins [39]. These resin systems in general have low cure 
shrinkage (less than 6%), higher Tg than thermally cured resin systems, do not require 
amine or anhydride curing agents as in thermal cure, and are not inhibited by oxygen
[15]. However, disadvantages of such systems are slower curing than
acrylate/mehacrylate systems, absorption of water prior to cure leads to low molecular
12
weight polymerization products, and they require additives to improve fracture toughness
[15].
2.4 Sensors Used in Process Monitoring of E-Beam Cure
2.4.1 Thermocouples
Temperature measurement in general is performed with wide variety of sensors 
such as thermocouples, resistive temperature devices, infrared radiators, bimetallic 
devices, liquid expansion devices, and change of state devices [40]. Thermocouples are 
the most commonly used sensor for automated temperature measurement in industrial 
processes as well as in laboratory research requiring temperature measurements. The key 
attributes behind the popularity of thermocouples are their ease of use, robustness, 
affordability, and interchangeability. Temperature is almost always measured during 
composite processing regardless of whether processing is done by radiation methods (e.g. 
e-beam) or using thermal methods. Measurement of temperature provides information 
regarding the progress of cure and control over curing cycle [41]. For research and 
development, temperature is often controlled to provide constant and well characterized 
cure conditions. In many analytical techniques such as calorimetry, which was recently 
developed to predict cure rate (i.e. reaction rate) of polymer resin under e-beam 
irradiation [27, 29], thermocouples are not only a primary sensor used in process 
measurements, but they are the only process measurement, and thus their importance can
not be underestimated [41].
Actual temperature profiles recorded by thermocouples during e-beam curing of
polymer composites can be found in many publications [20, 29, 30, 42-44]. Another 
study involved submicron thermocouple measurements on a silicon wafer during e-beam
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resist heating [45, 46]. What has not been addressed in these papers is the “theoretical” 
issue of the accuracy of the thermocouple due to its different absorption characteristics 
and physical properties compared to the surrounding polymer medium. The theoretical 
issue involves the possibility of a thermocouple reaching a different temperature than the 
surrounding resin during the irradiation. Using a heat transfer model, it has been 
demonstrated that for realistic size thermocouples used in e-beam curing processes and 
under the realistic dose rates used (~ 2.5-20 kGy/min), the thermocouple reading was 
within 0.1 °C of its immediate surroundings due to fast heat transfer rates [41]. Thus 
thermocouples do accurately measure the temperature of the resin while being irradiated.
2.4.2 Calorimetry
In recent years, a number of cure monitoring techniques based on principles of 
dielectric, near infrared (NIR) spectroscopy, and calorimetry, have been applied to 
monitor e-beam curing process [27, 31, 47]. Calorimetry is one such technique to 
measure reaction rates and radiation dose rates for a polymer resin undergoing irradiation 
[26, 27, 29, 30, 47]. In one case, a gamma radiation calorimeter was used to study 
radiation curing of polymer resins, but this technique was not a real time technique to be 
used directly in an e-beam processing facility [47]. Other problems were that the 
maximum dose rate was much lower than in e-beam. In another case, a first generation 
e-beam calorimeter was developed jointly by National Research Council (NRC, Canada) 
and Acsion Industries Ltd. (AIL, Canada) to overcome the problems associated with the 
gamma calorimeter. The experimental set up for the first generation calorimeter 
consisted of a single block of low density polyurethane foam insulation. Eight syringes 
in which four were filled with pre-cured resin (i.e. reference) and four were filled with
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uncured resin (i.e. sample) were inserted into the foam block in a single horizontal row 
[47]. The resin system used during the experiments was diglycidyl ether of bisphenol A 
(DGEBA) to which 3 phr (parts per hundred) diaryliodonium hexafluoroantimonate was 
added, which acted as initiator [47]. Thermocouples were inserted in the middle of each 
syringe. E-beam irradiation was applied with Acsion’s Impela 10 MeV pulsed linear 
accelerator. The foam block was placed on a conveyor belt, and it was passed back and 
forth under the accelerator [47]. During the irradiation, temperature data were recorded 
every second. Using a one dimensional analytical heat transfer model, resin cure rate and 
dose rate were calculated [47]. There were two important assumption made in order to 
calculate the cure rate and dose rate/dose. The temperature change in the pre-cured resin 
was believed to be due solely to the absorption of e-beam energy while the temperature 
change in the uncured resin was due to the evolution of heat during crosslinking 
reactions. Therefore the cure rate was calculated using the temperature profile of the 
uncured resin (that was undergoing curing) and the dose rate was calculated using the 
pre-cured resin temperature profile [47].
According to Chen et al., the first generation e-beam calorimeter provided useful 
proof of concept [47]. However, it was found that the calculated dose rate did not 
qualitatively agree with anticipated results. It was found that because four pre-cured and 
four uncured samples were placed in a single foam block, heat generated during reaction 
of the initially uncured samples transferred to the pre-cured sample [47].
Although the first generation calorimeter provided useful information about cure 
rate and dose rate for resin under going irradiation, further modifications were still
needed to avoid heat transfer from the sample to reference, and to take into consideration
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variation of resin, syringe and foam physical properties (e.g. density) and transport 
properties (e.g. heat capacity, thermal conductivity) with temperature [47]. In a 2nd 
generation e-beam calorimeter design, the single block of foam was replaced with eight 
removable cylindrical blocks of low-density insulating foam. These cylinders were 
mounted on wooden pins, which were then mounted on a wooden base. Four eight 1 ml 
polypropylene syringes were filled with uncured resin and four with pre-cured resin. The 
epoxy resin used was DGEBA to which 3 pph of 4-octyloxyphenyl phenliodonium 
hexafluoroantimonate initiator was added [47]. Type K thermocouples were inserted as 
close as possible to the center of the resin in eight foam cylinders [47]. The modified 
calorimeter design also took into account proper material selection for foam, size of the 
thermocouple, and critical thickness of the foam to create one dimensional radial heat 
transfer condition, and ability for e-beam to penetrate foam, syringe and the resin [47].
Chen et al. irradiated uncured and pre-cured resin samples using the modified 
calorimeter in single passes under the accelerator at average dose rate of 0.3-0.6 kGy/s, 
and total accumulated doses of 4, 6 and 8 kGy. It was found that the calculated e-beam 
dose compared well with the expected dose, and cure rate profile qualitatively agreed 
with expected results [27]. Thus the results obtained using the modified calorimeter 
showed that the calorimeter was a relatively simple, fast, and inexpensive method for real 
time monitoring of polymer resins undergoing e-beam radiation.
The issues associated with the 2nd generation calorimeter design were as follows. 
The dose rates calculated by the calorimeter analytical model were found to be 25%
higher than the dose rates measured using dosimeter films [26]. The analytical model 
was computationally more challenging to account for temperature distributions in syringe
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and foam. In addition, the dose absorbed by the foam, which affected temperature 
distribution, was assumed to be zero. Thus, the temperature and dose distributions in the 
foam and syringe may have led to undesirable inaccuracies.
2.4.3 Real Time NIR Spectroscopy and Cure Modeling of Epoxy Homopolymerization
In recent years, use of a novel in-situ NIR spectroscopic cure monitoring 
technique has been developed and implemented by Mascioni et al. to understand cure 
kinetics of monofunctional (e.g. phenyl glycidyl ether) and difunctional (e.g. diglycidyl 
ether of bisphenol A) epoxy resins undergoing e-beam or ultra violet (UV) irradiation 
with the aid of a photoinitiator [31]. The photoinitiator used in their study was diphenyl 
iodonium hexafluoroantimonate. The NIR based technique was used to monitor the 
disappearance of the epoxide group with time in aforementioned resin systems under 
e-beam and UV irradiation for isothermal (40-90 °C) and constant dose rate 
(-0.23 kGy/min) conditions [31]. The disappearance of epoxide group was monitored by 
following the changes in the characteristic epoxy height corresponding to a wavelength of 
2209 nm [31], Mascioni et al. constructed calibration curves that indicated a linear 
relationship between the characteristic peak height and concentration of the epoxy group. 
A kinetics model (referred to as the Mascioni model herein) for the aforementioned resin 
system undergoing continuous e-beam/UV irradiation was developed by Mascioni et al. 
[31], This model was recently modified by Lee et al. (referred to as the Lee-Palmese 
model herein) to take into account changes in the reaction rates that occur in the 
monofunctional PGE system when the beam is turned off [25]. These models can be 
used to predict reaction rates and calculate degree of cure based on kinetic parameters, 
temperature, composition, and radiation dose rate. The reaction rate was taken as the rate
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of depletion of the epoxide monomer, and the degree of cure was defined as the molar 
ratio of amount of epoxide groups reacted to the initial amount [31]. Thus the degree of 
cure (a) is given by the following equation where M is the molar concentration of 
epoxide monomer and Mo is initial molar concentration of the epoxide monomer.
The chemical structures of PGE and photoinitiator (diphenyl iodonium 
hexafluoroantimonate) are given in Table 3. PGE is a low viscosity monofunctional 
diluent that is normally used to reduce the viscosity of other higher molecular weight 
multifunctional epoxy resin systems. It undergoes cationic homopolymerization in the 
presence of photo initiator and UV or e-beam radiation.
Table 3: Chemical structures of resin and photoinitiator.
Material Chemical Structure
Phenyl glycidyl ether (PGE)
)
Diphenyl iodonium 
hexafluoroantimonate (PC2506) (MU °H
r ’)
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A simplified description of polymerization process is as follows. The 
combination of e-beam irradiation and an initiator molecule leads to the generation of a 
hydronium ion [31].
C + hv ->H+ +X
(2.2)
Where C is the concentration of the initiator and X represents the fragments remaining 
after initiation. Epoxide groups are sensitive to acid attack; therefore the activated 
initiator opens the epoxy ring to form an active center (H-M+ or I) which is capable of 
opening another epoxide ring (Equation 2.3) [31].
H+ + M->H-M+ (orI) M >H-M-M+(orI) M >etc.
The active center is represented by “I” regardless of number of monomer units added. 
Notice that each newly opened epoxide ring is added to the former active center thus, 
forming a covalently bonded polymer chain of C-C-0 repeat units. A more detailed 
description of the initiation and propagation steps is given below.
(2-3)
H+ +
'O'
/ \ 
ch-ch2
H
.. I +
H :O-C-CH2
R
'O'
/\
ch-ch2
H H
..I .. I +
H:O-C-CH2-O-C-CH2
"I I
R R
Etc.
'O'
/ \ 
ch-ch2
(2.4)
R
PGE was used in the Mascioni study to develop kinetic model because it reacts to 
form a linear polymer structure with Tg below ambient, which implies that diffusion 
limitations are minimized [31]. This makes the analysis of experimental results much 
simpler [26] and allows one to measure purely kinetic phenomena.
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According to the Mascioni model, the rate of decomposition of photoinitiator 
upon exposure to e-beam/UV radiation is based on the assumption that the generation of 
the cationic active centers, which initiate the polymerization, is first order in the 
concentration of inactivated initiator. The simplified reaction scheme and corresponding 
rate expressions is given by.
f =kiC = ki(c0-l) (2.6)
where Co is the starting concentration of initiator, I is the concentration of active centers. 
The initiation rate constant (kj), was found to be linearly dependent on dose rate from 
NIR experiments, and it was independent of initiator concentration and temperature [31]:
kj = (2.99 x 10’7)(Dose rate) (2-2)
where the dose rate is in rad/s and k, is in s'1 [31].
The propagation reaction scheme given in Equation (2.3) is represented in more
simple terms in Equation (2.8) and corresponding rate expression is given by Equation
(2.9).
I + M---- 2^1 (2.8)
dM
dt
= -kpMI (2-9)
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Using the definition of degree of cure (Equation 2.1), Equation (2.9) can be written in 
terms of the degree of cure.
J = kp(l-a)l (2.10)
where kp is a propagation rate constant and has Arrhenius rate dependence on
temperature given by following equation.
kp = kpo exp(-E/RT) j n
where kp0 is a constant, E is the activation energy, R is the universal gas constant, and T 
is the absolute temperature in Kelvin.
The Mascioni model assumes that there is no deactivation of the active centers
during the polymerization reactions, thus the model predicts the rate under continuous 
irradiation. Lee et al. conducted in-situ NIR experiments, and monitored the change in 
concentration of PGE for interrupted e-beam irradiation under isothermal (50 °C) and 
constant dose rate (~ 5.5 kGy/min) conditions [25]. In their experiments, PGE samples 
were irradiated for 100 s to 500 s and the disappearance of epoxy group was monitored 
during and after the irradiation. They observed sharp decrease in the reaction rate when 
the beam was turned off, followed by the steady decrease in rate, but never becoming 
zero. For the times investigated, attempts were made by Lee et al. to fit their reaction 
rates from interrupted experiments with the reaction rates predicted by the Mascioni
model. Lee et al. found that the Mascioni model failed to predict the sharp decrease in
the reaction rate once the beam was turned off and thus concluded that the rapid decay in
rate could be attributed to either sudden drop in temperature and/or sudden decrease in
the concentration of active centers responsible for propagating the reaction. However,
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experiments conducted by these researchers found that the change in temperature was not 
responsible for sudden drop in rate. Therefore the rapid decrease in rate was attributed to 
the sudden drop in the concentration of active centers. According to Lee et al. there are 
two types of active centers; one with short life time that exists primarily when the e-beam 
is on, and another type that is long lived that does not deactivate when the beam is turned 
off, considered as a ‘living polymer’ that continues to propagate until all monomers are 
consumed. The sudden step decrease in the concentration of active centers was taken 
into account by multiplying the active center concentration with a factor (f) when the
beam was turned off. This refinement of the Mascioni model is referred to as the Lee-
Palmese model. The factor f was chosen based on best fit of the rate data. Typical values 
for f were 0.2 to 0.4, implying that over 50% of active centers deactivated when the beam 
was turned off [25].
2.5 Comparison of Calorimeter Reaction Rates with the Mascioni Model
Johnston et al. have compared the reaction rates measured by their 2nd generation 
calorimeter with the reaction rates predicted by the Mascioni model [26]. In their 
experiments, Johnston et al. irradiated PGE filled syringes with e-beam at dose rates 
varying from 3 kGy/min to 8 kGy/min while specimens were held stationary under the 
beam [26]. The photoinitiator used in this study was diphenyl iodonium 
hexafluoroantimonate. The reaction rates measured by the calorimeter decayed rapidly
once the beam was turned off and then rate gradually decreased, but never became zero 
[26]. This was in contrast to the Mascioni model which did not predict the rapid decay in
the rate once the beam was turned off. When the beam was on, the rates measured by the
calorimeter increased faster than the predicted rise from the Mascioni model.
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In order to obtain a better measurement accuracy and simple computational 
analysis, a design refinement was suggested by the authors in [16, 29, 30]. It was 
suggested that the foam insulation be removed altogether such that convective heat loss 
to the surrounding air becomes the dominant heat transfer mechanism. Two advantages 
anticipated with this approach were the removal of dose and temperature distribution 
problems in the foam, and it presented a computationally easier approach to calculating 
heat loss from the syringe. In the study described herein, this technique was implemented 
by designing a new calorimeter fixture and developing the associated heat transfer model
for it.
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CHAPTER 3
CALORIMETER MODEL DEVELOPMENT
The calorimeter developed herein is physically comprised of a “sample” syringe 
and “reference” syringe placed adjacent to each other, and suspended in air below the 
scan horn of uniform radiation source such as a linear electron accelerator. The sample 
syringe contains uncured resin prior to e-beam exposure, and the reference syringe 
contains the same resin in a completely pre-cured state. A thermocouple is embedded in 
each syringe to monitor system temperature (i.e. resin + syringe). The assumptions given 
below were made in the derivation of analytical model for the calorimeter system. The 
model is required to compute the reaction rate based on recorded temperature and 
material property inputs.
(1) Temperature remains spatially uniform throughout the syringe and resin and is 
only dependent on time (lumped mass).
(2) At the syringe/air interface, heat transfer is governed only by natural convection.
The ambient air temperature is spatially uniform at a far distance from the syringe 
wall (but may change with time due to general temperature rise inside the e-beam 
vault during prolonged periods of irradiation).
(3) The absorbed radiation dose is distributed evenly throughout the syringe and
resin.
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(4) The heat capacity and density of the resin and syringe remain constant.
(5) The mass of cured resin and uncured resin is equal and remain constant.
(6) No phase change during irradiation (e.g. evaporation).
A schematic of the simple lumped mass system is given in Figure 1. A general 
heat balance for such a system is given by Equation (3.1), which is further defined in
terms of physical quantities in Equation (3.2) for the sample syringe.
Energy in Energy out via convection
Energy generation due to chemical reaction 
Figure 1: Schematic of lumped mass system over which energy balance is made.
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(3.1)+
7
mCp + msCp = Qe -hA(T-Ta) + mrAH (3.2)
where m, Cp, and T are the mass, average heat capacity, and temperature of the resin,
respectively; ms and Cps are the mass and heat capacity of the syringe, respectively; t is
time; Qe is the rate of e-beam energy received by the resin/syringe system, which
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originates from the kinetic energy of the accelerated electrons that ultimately degrades to 
heat [16, 30]; h is the heat transfer coefficient of the air syringe/resin system; A is the 
surface area of the syringe; Ta is the ambient temperature; r is the reaction rate of the
curing resin (i.e. rate of monomer depletion, which in this study is the epoxide group); 
and AH is the total heat of reaction per unit mass of the resin.
Similarly the energy balance for the reference syringe (pre-cured resin/syringe)
can be written as following:
(mCp+msCpJ^ = Qe-hA(Tr-Ta) (3.3)
where Tr and Cp are temperature and the heat capacity of the resin respectively.
Subtracting Equation (3.3) from Equation (3.2) yields:
mCn + msCn ) d(T ~ Tr.) = -hA(T-Tr) + mrAH (3.4)
p s PsJ dt
In Equation (3.4) and Equation (3.2) the heat capacity Cp is the average heat capacity of
uncured and cured resin. We deliberately chose to use one average value to simplify 
mathematical analysis and because the value only varies slightly with temperature and 
degree of cure. Recall that the mass of cured and uncured resin was assumed to be equal. 
Equation (3.4) was discretized using the central finite-divided difference formula [48]:
(Tt+At - Tt-At) - (Tr, t+At - Tr,t-At) = _hA(T - Tr t) + mrt AH
2At J ’ +5)
where Tt+At, Tt-At, Tr,t+At, Tr, t-At are temperature of sample at time t+At and t-At, reference 
at t+At and t-At respectively, and At is an incremental time step. The temperature of the
mCp+msCpi
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sample, reference, and ambient were recorded at approximately 1 s intervals using a 
computer data acquisition system (see Section 4.1.2.). After an entire experiment was 
conducted, the data was placed in a spreadsheet, and Equation (3.5) was used to compute 
reaction rate (rt) at each time step.
The heat transfer coefficient in Equation (3.5) was calculated separately as a 
function of (Tr-Ta). In order to calculate the heat transfer coefficient, at the end of each 
calorimeter trial the syringes were irradiated at a high pulse rate (75 pps) until the system 
temperature reached steady state. This coincided with the sample and reference syringes 
reaching approximately the same temperature, which indicated that the reaction in the 
sample was complete. The e-beam was then turned off and temperature of the system 
was recorded during cool down. The heat transfer coefficient was then calculated by 
setting Qe = 0 in Equation (3.3). The resulting equation was discretized using central 
finite-divided difference formula and rearranged as given by Equation (3.6). The value 
of h could be calculated at each time step and correlated as a function of (Tr-Ta).
_A(Tr,t -Ta?t)
(3.6)
Note that the Cp in Equation (3.6) is the average heat capacity of pre-cured resin.
The degree of cure (Ct) is a measure of completion of reaction. In calorimeter
methods, it is usually taken as the ratio of the cumulative heat evolved during the reaction
to the total heat of reaction. This definition is equivalent to that given by Equation (2.1) 
[30]. The degree of cure varies from 0 (completely uncured) to 1 (completely cured).
The degree of cure at current time ( ) was calculated from Equation (3.7) where,
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at-At the degree of cure from previous time, and iq is the reaction rate at the current
time.
«t = «t-At +rt (At) <3-7)
The dose rate was found using two independent methods. The first method
involves film dosimetry performed prior to the calorimeter experiments, which is 
discussed in the Section 4.2.5. The second method used the energy balance on the 
reference syringe (Equation 3.3) and the recorded reference temperature to calculate the 
dose rate at every time step. The rate of e-beam energy received by the reference is given 
by the definition of radiation dose according to the following equation.
(3-8)
where D is the dose rate in Gy/s. Substituting Equation (3.8) into Equation (3.3), 
rearranging for the dose rate and recognizing that there is no cure reaction term in the 
reference sample, the following equation is obtained:
/msCp + mCjA dTr> , Ah(Tr-Ta)
ms + m dt ms + m
(3-9)
Equation (3.9) was discretized using a central finite-divided difference formula [48], and 
resulting equation is given below. Note that the Cp is the average heat capacity of the 
pre-cured resin.
Dt =
(m.C fmCn^
s iv, P -T.
ms + m
r,t+At Ar,t-At
2At
Ah(TM-Ta>t)
ms + m
(3.10)
D =
<T
+
A
+
28
Given the temperature data from an entire experiment, Equation (3.10) was used to 
calculate the dose rate at each time step. Note that this method represents a quantitative 
in-situ technique for measuring the radiation dose from post processing of data.
Equation (3.9) was also discretized using backward-finite divided difference [48] 
and rearranged to solve for reference temperature at each time step given that the dose 
rate is known. The resulting Equation (3.11) is given below. In equation (3.11) Dt and
Dt.At cumulative dose at time t and t-At.
r < a < m
, AhAh 
1 +-------------------
mQCn +mCn 
v ps e?
The purpose of making this calculation was two fold: first to serve as a 
verification of the mathematical accuracy of the developed numerical equation and 
computer spreadsheet operations. In this case, the dose rate values calculated with 
Equation (3.10) were substituted back into Equation (3.11), and temperature was 
compared with the experimentally measured temperature values for the reference syringe. 
Second, the dose rate measured independently with film dosimetry was substituted into 
Equation (3.11) to illustrate quantitatively the difference in expected temperature when
the dose rates measured with two different methods were used.
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CHAPTER 4
APPARATUS DESCRIPTION AND EXPERIMENTAL PROCEDURE
4.1 Apparatus Description
4.1.1 E-Beam Accelerator
The e-beam accelerator used in this study was a 3 MeV pulsed linear accelerator 
with a linear scan horn (Electrons Solutions Inc., Massachusetts). It is capable of 
penetrating polymer composite or metal specimens of thickness up to 1.27 cm (one sided 
exposure) or 2.54 cm (two sided exposure) [49]. The schematic of the UDRI e-beam 
accelerator is shown in Figure 2 [11]. The entire apparatus is shielded by 1.5 m thick cast 
concrete walls and pre-cast ceiling blocks (Figure 3) to protect laboratory personnel from 
exposure to X-rays that are indirectly generated during the irradiation process. In the 
e-beam accelerator, a tungsten-barium dispenser cathode is heated to 1100°C and pulsed 
with 25 kV current. Pulses supplied to the cathode can be varied with a pulse repetition 
frequency (PRF) of between 25 pulses per second (pps) to 250 pps. Each pulse of the 
cathode generates a 5 microsecond long “packet” of low energy electrons near the top of 
the accelerating cavity (Figure 2). Simultaneous to this, a magnetron supplied with a 
pulsed 25 kV current generates a high power microwave (3 GHz) field which propagates 
through a waveguide and into the copper accelerating cavity. In order to prevent arcing 
inside the waveguide, it is pressurized with inert sulfur hexafluoride (SF6) gas at
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30-40 psi (2.1 x IO3 Pa-2.8 x IO5 Pa). The waveguide is separated from the vacuum in the 
accelerating cavity by a ceramic window that allows the microwaves to propagate. The 
microwaves resonate in the accelerating cavity as standing electromagnetic waves, and 
they are synchronized with the pulsing of the cathode. There are four periods of the 
standing waves in the accelerating cavity, which sets up “four stages” of force. The 
electromagnetic field applies a force on the electrons which causes them to accelerate in 
the vertically downward direction. As the electrons accelerate in stages, they gain energy 
to approximately 3 MeV from the standing electromagnetic waves.
Cathode
Accelerating cavity 
(~ 10 cm diam, 
30 cm long)
High vacuum
Scan horn
Turbo pump 
connection port 
(through scan 
horn wall)
Leads for pulsed 25 kV current
Magnetron
(microwave
generator)
Titanium foil 
window
100 ft
/ / J \ \ j
J
1------------ *---- “.. *+x
*z
Leads for monitoring 
beam current
+Y direction (into page) = cart motion
-Target, e.g. 
composite 
Metal cart top
Figure 2: Simplified schematic of UDRI e-beam accelerator (not to scale). Y-direction is 
into the plane of the page [11].
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A<- Y direction ->
B
Figure 3: (A) Schematic of outside of the e-beam facility, and (B) cross section of 
e-beam vault [11].
The accelerating electrons travel through the accelerating cavity and reach the 
scan horn where the e-beam is swept back and forth in the X-direction (Figure 2) by a 
pair of electromagnets (also know as scanning magnets) operating at 25 Hz. The beam 
width can be adjusted from 2 to 18 in, while 6 to 12 in is typical. The e-beam is 
converted to a linear curtain as it travels through the scan horn. The curtain has a 
thickness of approximately 4 in the Y-direction, and thus is not absolutely a “linear 
curtain”. The beam then passes through a 1.5 micrometer thick titanium foil window that 
is attached at the bottom of the scan horn. Samples are placed directly under the scan
horn on a cart (Figure 4).
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Figure 4: Miscellaneous polymer specimens placed on cart under the scan horn. 
The cart carrying the sample can be moved under the e-beam in the Y-direction (Figure 
3B) at a constant cart speed which is typically in the range of 20-50 cm/min 
(8-20 in/min). The distance between a sample and the scan horn (also knows as air gap) 
is adjustable but is normally kept at 30.5 cm (12 in). Electrons flow through the sample 
and are collected by the cart. Eventually, electrons pass through the 100 Q resistor and to 
chassis ground. The oscilloscope displays the signal for one pulse and corresponding 
voltage drop across the 100 Q resistor and cart. Figure 5 shows a trace of one such 
e-beam pulse on the oscilloscope. The beam current corresponding to each pulse is 
directly calculated from the Ohm’s law. In Figure 5, the beam current is 80 mA/pulse. 
The typical beam current of 80 to 120 mA/pulse is normally observed.
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Figure 5: Oscilloscope trace of one e-beam pulse. Each division on vertical scale is 2 V 
and each division on horizontal scale is 2.5 microseconds.
A high level of vacuum must be maintained around the cathode and throughout
the accelerating cavity and scan horn using a three pump system. The high vacuum is
needed because electrons generated in the accelerator are accelerated to near relativistic
speed. If the pressure is greater than the 1.33 x 10'4 Pa (1 x 10’8 torr) then the electrons
will experience significant attenuation as they accelerate inside the cavity. The typical
pressure inside the e-beam accelerator is kept between 1.33 x 10’5 to 1.33x 10'6 Pa
(1 x 1 O’7 to lx 10'8 torr). There are three pumps used in maintaining a high level of
vacuum inside the accelerator. A turbo molecular pump and rotary vane “roughing”
pump are set up in series. The turbo pump is attached directly to the scan horn (Figure 2)
but is not capable of exhausting directly to the atmosphere. Therefore a roughing pump
(not shown in Figure 2) is attached to the turbo pump. This type of staged arrangement
allows system pressure to be brought down from atmospheric pressure (101,325 Pa) to
approximately 1.33 Pa across the roughing pump and from 1.33 Pa to 1.33 x 10'5 Pa
across the turbo pump. Another pump that aids in maintaining vacuum is called an ion
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pump. The ion pump does not have moving parts and it is positioned near the cathode 
(Figure 2). The ion pump traps any stray ions and impurities (e.g. water molecules) that 
collect on the cathode and are released due to heating associated with normal pulsing. 
Stray ions tend to increase the pressure of the system significantly which can then lead to
attenuation of the beam.
If a sample is made of electrically insulating material, then extreme care must be 
taken while removing the sample from the cart after irradiation, because of possibility of 
building up electrical charge within the sample.
In any e-beam processing operations, the fundamental quantities describing a 
sample’s exposure to radiation are dose rate and total cumulative dose. Dose rate is 
normally taken as a time-averaged quantity measured by film dosimetry methods (see 
Section 4.2.5) and is not considered to be a microsecond phenomenon associated with the 
details of beam pulsing. The primary controlled machine parameters affecting dose rate 
in the UDRI facility are given in Table 4.
35
Table 4: Primary controllable parameters at UDRI facility for controlling dose rate.
Parameter Typical ValuesUsed in This 
Study
How To Adjust
Effect of
Increasing 
Parameter on Dose 
Rate Received by 
Sample1
Beam Current 80-120mA/pulse
Cathode heater 
voltage/cathode 
temp, usually kept 
constant
Increase dose rate
Pulse Duration 5 ps Not adjustable N.A.
Pulse Rate 25,50, 75, 100 
PPS
Computer
programmed Increase dose rate
Scan Width (X Direction) 40% (~ 6 in), 80% (~ 12 in)
Analog dial setting 
for scanning 
magnets; also
affected by air gap
Decrease dose rate
Scan Length (Y Direction) ~ 4 in Not controllable except via air gap Decrease dose rate
Cart Speed 0 Analog dial setting for cart motion No change
Beam On Time ~ 60- 120 s Computerprogrammed No change2
’While holding all other parameters constant
20nly affects the total dose accumulated
4.1.2 Data Acquisition Software for Temperature Collection
Brief information is given herein about the data acquisition system used to read
temperature data from A/D data acquisition board. Type K thermocouples used in 
monitoring temperature of reference syringe, sample syringe, and ambient air were 
plugged into a relay panel inside the vault (Figure 6). The relay panel was connected to a 
standard connector block outside the e-beam vault via extended thermocouple wires 
placed in a metal conduit system. The connector block was fed to a Keithly KPCI-3108 
Series PCI Bus data acquisition board. Seven channels were configured for differential
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inputs, bipolar mode (± and - voltages), a gain of 800 (maximum gain of the
instrumentation amplifier), and 16 bit resolution. This combination yielded an input 
range of ±12.5 mV with a resolution of 0.4 pV, and sampling rate of 50 ksamples/s. This 
corresponds to temperature range of approximately -300°C (fictitious) to 300°C, with
resolution of 0.01 °C.
Figure 6: Thermocouple connector block inside e-beam vault.
Common practices of computer data acquisition as it applies to thermocouples
were followed in this study, including the following:
• Differential A/D channels (rather than single-ended) were used to minimize common 
mode noise and other unwanted voltages in a signal ground, and to reject common 
power supply voltage. They are recommended generally for low-level signals 
(±100 mV and below) such as a thermocouple signal.
• Thermocouples were kept in shielded conduits and away from noise sources such as 
AC power lines, computer monitors, etc. A thermocouple can effectively act as an 
antenna by picking up common mode noise from electromagnetic fields created by
these sources.
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• Cold junction compensation was performed digitally with the software and an RTD 
temperature sensor mounted on the connector block
The data acquisition board was installed in a computer with MS Windows 
operating system. Software developed at the University of Dayton was used to read the 
A/D board in “burst mode”, calculate temperature from voltage, condition the data, and
write the data to a comma-delimited data file. In burst mode, a series of two hundred 
readings were taken very rapidly. The software then averaged these values and recorded 
the result as one value in the data file, before moving on to recording and averaging the 
next burst period. This resulted in an effective data acquisition rate of about 1000 msec 
(one average temperature recorded every 1000 msec) when only four channels were in
use.
4.1.3 Calorimeter Fixture
The design of our calorimeter required a fixture to hold a sample and a reference 
specimen exposed to air. We fabricated a fixture consisting of an aluminum base plate 
and support structure designed to clamp two parallel plastic syringes in place during 
e-beam exposure (Figure 7A). The calorimeter fixture could be bolted to the main 
platform directly under the scan horn while minimizing contact with the syringes (Figure 
7B). The fixture ensured repeatable positioning from trial to trial. 1 ml plastic syringes 
were chosen as simple and low cost method of containing a known amount of resin, and 
because they do not absorb a significant portion of the beam. The syringes were 
positioned close together (~ 1 cm distance between the outer surface of both syringes) to 
help ensure that they received the same dose rate. The main shafts of the syringes were 
fully exposed to air. Therefore heat convection was the dominant heat loss mechanism.
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The “sample” syringe contained an uncured resin of interest, while the “reference” 
syringe contained the same resin composition that was previously fully cured by e-beam 
and/or thermal exposure. Details of how the syringes and thermocouple were prepared 
are given in Section 4.2.3.
(A) (B)
Figure 7: (A) Calorimeter fixture with sample and reference, and (B) calorimeter fixture 
on top of the cart and under the scan horn at UDRI e-beam laboratory.
4.2 Experimental Procedure
4.2.1 Resin Preparation
Approximately 50 g of neat phenyl glycidyl ether (PGE) were weighed and placed 
in a beaker. Diaryliodonium hexafluroantimonate (trade name PC2506, Polyset 
Company, Inc.) was used as a photoinitiator at a level of 1 wt%. The molecular weights 
of neat PGE and PC2506, and density of neat PGE are given in Table 5. The molecular 
weight of PGE and PC2506 were calculated from the chemical structures of each species, 
and the density of neat PGE was obtained from the MSDS provided by the manufacturer.
39
Table 5: Molecular weight and density of PGE and initiator 
(PC2506).
Material Form MW(g/mol) Density (g/L)
Neat
PGE Liquid 140.09 1,103
PC 2506 Powder 745.22 N.A.
Research reported by authors in [28, 31] has demonstrated the negative influence 
of water on the radiation induced cationic reaction of epoxy resins such as PGE. The 
reaction is first delayed by the presence of the water, and then it accelerates once the 
water is consumed. Therefore it was necessary to remove water from PGE. The water 
was removed using 4 A molecular sieves (Aldrich Chemical Company) at a level of 
approximately 25 wt% (mass of sieves per mass of PGE). The sieves were first
conditioned at 300°C in an oven for three hours and then allowed to cool for half and
hour. Next, the resin and photoinitiator were manually mixed together in a beaker, and 
the sieves were added. The resin mixture (i.e. PGE + initiator + sieves) was placed in a 
plastic container and was wrapped with aluminum foil in order to protect the 
photoinitiator from activation under UV, fluorescent, and sunlight [53]. The resin was 
then degassed in UDRI vacuum oven at 70°C and at 0.5 in Hg for one hour and allowed 
to cool. In order to protect resin mixture from absorbing water, a lid was placed on the
container, and it was stored in a desiccator.
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4.2.2 Property Determination of PGE and Syringe
The following properties/parameters are required in calorimeter model: heat 
capacity of neat PGE, heat capacity of cured PGE, heat capacity of a syringe, heat of 
reaction of PGE, mass of PGE in 1 ml syringe, mass of syringe, and outer surface area of 
a syringe calculated from outer diameter (OD) of the syringe.
The heat capacities were measured with Differential Scanning Calorimetry (DSC) 
(TA Instruments, Model Q1000). The heat capacity was measured from 10°C to 100°C 
at heating rate of 10°C per minute. In order to measure the heat capacity of completely 
cured PGE, PGE was fully cured using e-beam following the procedure of Section 4.2.4. 
Table 6 lists values of measured heat capacities for PGE and the syringe, which were 
found to be linearly dependent on temperature. Recall that one of the assumptions in the 
calorimeter model is that heat capacities of reference resin, sample resin and syringe 
remain constant with temperature, which makes the calorimeter model mathematically 
simple. Thus the heat capacity values were averaged over the temperature range of 20°C 
to 60°C, since this bracketed the temperature of the sample and reference throughout 
most experiments. The heat average heat capacity of uncured and pre-cured resin was 
used in calculating reaction rates for sample undergoing e-beam irradiation while only the 
average heat capacity of pre-cured resin was used in calculations for the reference (i.e. 
dose rate and heat transfer coefficient). The heat of reaction was taken from [28]. Table 
7 lists the final material properties used throughout the study.
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Table 6: Heat capacity of PGE and syringe.
Temperature
(°C)
Heat Capacity (J/kg °C)
PGE
(neat)
PGE
(cured) Syringe
10 1,544 1,699 1,778
15 1,559 1,708 1,819
20 1,568 1,715 1,855
25 1,573 1,717 1,885
30 1,581 1,721 1,921
35 1,586 1,724 1,959
40 1,597 1,730 1,997
45 1,607 1,733 2,037
50 1,616 1,736 2,083
55 1,627 1,743 2,114
60 1,643 1,758 2,165
65 1,654 1,758 2,216
70 1,660 1,762 2,269
75 1,666 1,766 2,344
80 1,642 1,732 2,392
85 1,630 1,709 2,426
90 1,646 1,714 2,450
95 1,687 1,744 2,484
100 1,740 1,786 2,514
Table 7: PGE and syringe properties used in calorimeter model.
Material Cp(J/kg °C)
Heat of 
Reaction 
(J/kg)
Mass
(kg)
OD
(m)
Length
(m)
PGE
(uncured) 1,600 713,827 1.10E-03 N.A. N.A.
PGE
(cured) 1,731 N.A. 1.10E-03 N.A. N.A.
Syringe 2,001 N.A. 9.67E-04 0.0067 0.059
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Polypropylene syringes were purchased from Becton-Dickinson (Table 8). The 
mass and dimensions of the syringe correspond to that measured on an actual syringe 
which had been modified by removing the tip and flange end. The only portion of the 
syringe used for measurement purpose was the shaft between 0 and 1 ml markings. This 
was done because in the calorimeter model, the energy balance was performed only for 
the region where the resin resides. The length and outer diameter of syringe were 
measured using a vernier caliper. The length of the syringe refers to the length between 
0 ml and 1 ml mark on the syringe. The mass of PGE resin in 1 ml syringe was 
calculated knowing the density of neat PGE and volume of PGE (i.e. 1 ml). The density 
of neat PGE was taken from the MSDS [50] and it is given in Table 5.
4.2.3 Preparation of Syringe-Thermocouple Assembly
The materials required to prepare the syringe-thermocouple assembly are given in 
Table 8. The procedure to prepare the syringe and thermocouple is described below. 
Table 8: Materials used to prepare e-beam calorimeter syringes.
Material Dimensions / Details Source
Polypropylene
Syringe
• 1 ml graduated syringe with 
“slip tip” removable needle
• Syringe:
OD = 0.669 cm
ID = 0.470 cm
• Needle: 25 Gauge*5/8 in
Becton-Dickinson
Type K 
Thermocouple
• Model TT-K-30 AWG # 30
• Insulation: Teflon Neflon
PFA (high performance)
Omega Engineering
Epoxy Glue “Five-minute” epoxy (gels in five minutes) Ace Hardware
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STEP 1: Using a razor blade, the needle was removed from the base of the syringe cap 
where it was attached (Figure 8). This caused formation of a hole at the tip of the syringe 
cap where the needle was originally attached.
J
Figure 8: (A) Syringe cap after removing from syringe, (B) cap after cutting off 
the needle.
STEP 2: The approximate length of the thermocouple wire used was 0.5 m to 1 m. A 
junction was formed by welding or tightly twisting one end of thermocouple wire, and 
the junction end was snipped to a length of approximately 3-5 mm. The junction end of 
the wire was then slid through the hole of the syringe cap as shown in Figure 9. Care was 
taken in making sure that the thermocouple wire was extending approximately 30.5 mm 
from the edge of the cap so that it was central half way down the syringe barrel.
However, some movement of wire inside the syringe was inevitable.
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Figure 9: Inserting thermocouple wire through syringe cap.
STEP 3: Five minute epoxy was thoroughly mixed in a separate container, and it was 
immediately applied in and around the hole of the syringe cap to secure the thermocouple 
wire in place. The thermocouple wire and cap were left undisturbed until the epoxy was 
hardened, which required about five to ten minutes. The assembly was left alone 
overnight which allowed epoxy to cure completely. The final prepared cap assembly is 
shown in Figure 9.
STEP 4: 1 ml of liquid monomer was drawn into the syringe and air bubbles were 
removed from the syringe. The thermocouple was carefully inserted into the barrel of the 
syringe from the tip end. The syringe cap (Figure 9) was then securely fitted over the tip 
of the syringe. Next, using a razor blade, a part of the plunger which was extending from 
the end of the syringe barrel, was cut off. Figure 7 A shows prepared syringes, which
were mounted on the calorimeter fixture.
STEP 5: An adapter plug was attached to the leads of the thermocouple. These were 
needed to attach the thermocouple to the relay panel (Figure 6) inside the vault so that the 
data acquisition system could collect the temperature data in real time.
4.2.4 Reference Syringe Preparation by E-Beam Irradiation
Recall from the calorimeter model that the reference specimen is completely 
cured resin. To produce this, a syringe and thermocouple assembly was first made by 
following the procedure described in the previous section. Next, the PGE filled syringes
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were irradiated with dose of 370 kGy. This was sufficient to completely cure PGE, 
which was verified by DSC and is consistent with the fact that a normal dose required to 
cure composite materials being in the range of 100-200 kGy [11].
The total dose was applied in two stages: first at low pulse rate (50 pps) then at 
high pulse rate (100 pps). The process parameters are given in Table 9. The dose rates 
were measured previously by placing six films in an empty syringe mounted in the 
fixture. Two trials were performed for each condition (50 pps and 100 pps), and the 
average was taken for each (see Table 9).
Table 9: E-beam accelerator parameters used to cure reference syringes containing 
PGE with 1 wt% PC2506.
Step PPS
Scan
Width
(%)
Air
Gap
(cm)
Beam
Current
(mA/pulse)
Average
Dose Rate 
(kGy/min)
Approximate 
Irradiation 
Time (min)
Dose
(kGy)
1 50 40 30.5 120 10 14 140
2 100 40 30.5 100 23 10 230
During irradiation of PGE filled syringes, the resin temperature was monitored. It 
was found that if PGE syringes were irradiated at high pulse rate (i.e. 100 pps) first, then 
the thermocouple inside some of the syringes malfunctioned upon cool down by showing 
fictitious temperature of -999°C. We are not completely sure of why this happened but 
we attribute this to a runaway exothermic reaction with temperature reaching around 
200°C, bubble formation around the thermocouple junction, and thermal contraction of
the resin in and around the twisted thermocouple leads.
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4.2.5 Film Dosimetry
Film dosimetry was performed prior to running calorimeter experiments to 
characterize the beam uniformity (i.e. spatial variation of dose) in X and Y direction and 
to determine the center of the beam relative to geometric center of the calorimeter fixture. 
The X direction profile is referred to as the beam “width”, while the Y direction profile is 
referred to as the beam “length”. Prior to conducting calorimeter experiments, it was 
necessary to ensure that the beam was central uniformly on the cart and both syringes 
received approximately the same amount of dose. Radiachromic dosimeter films (Far- 
West Technologies Inc., FWT-60-00, batch # 1050) were used to measure the dose rate 
received across the platform or inside an empty syringe. The dosimeter films are made 
from radiochromic material that changes color when exposed to ionizing radiation. The 
color change at 532 nm was previously correlated to the absorbed dose using a calibration 
traceable to the National Institute of Standards and Technology (NIST). Dosimeter films 
are relatively small in dimensions (1 cm x 1 cm x 0.05 mm thick), which ensures that 
the dose is distributed evenly in each film.
Dosimeter films were placed directly on top of the cart at regular intervals in the 
X and Y directions, with the center being the geometric center of the cart (Figure 10).
The cart was central such that the geometric center of the cart was directly under the scan 
horn. The geometric center of the cart served as a consistent reference point on the cart.
Therefore, the center of the beam was determined relative to the geometric center of the
cart. The films were placed at approximately 1 in (2.5 cm) apart in the X direction and at 
approximately 0.5 in (1.27 cm) in the Y direction. The cart was kept stationary under the
beam.
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Figure 10: Radiachromic films on the cart after e-beam exposure.
The e-beam accelerator settings were 25 pps, 80% scan width, 12 in (30.5 cm) air gap, 
beam on time of 10 min, and measured beam current of approximately 120 mA/pulse. 
Once the accelerator was turned on, the beam current was monitored using the 
oscilloscope situated outside the vault. After each exposure, the color change of each 
film was quantified by the spectrometer (Far-West Technologies Inc. Model FWT-92D). 
The absorbance of exposed and unexposed films was measured using the procedure 
described in the operations manual of the spectrometer [51]. The absorbance of the films 
prior to exposure was measured to be 0.055 and was very consistent from film to film. 
The spectrometer was recently calibrated using films that were exposed to a NIST 
traceable radiation source at University of Maryland at a level of 10, 25, and 40 kGy.
The calibration provided the relationship between the net absorbance changes and absorb
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dose. The relationship between the net absorbance (NA) and dose from the calibration is 
given by Equation (4.1). Once the dose was determined, the average dose rate was 
calculated by dividing the dose by the time that films were exposed to radiation.
Dose = NA
0.0109
1.1427
(4.1)
After determining the location of the center of the beam on the cart, the geometric 
center of the calorimeter fixture was aligned as close as possible to the beam center.
Next, three dosimeter films were placed in each of two syringes (one at each end and one 
in the middle), and the syringes were mounted to the fixture. This allowed for more 
accurate measurement of the dose rate experienced inside the syringe. If the doses of 
both syringes were not the same, the fixture Y position was slightly adjusted and the 
procedure was repeated. The accelerator settings used for this procedure were 25 pps, 
80% scan width, 12 in (30.5 cm) air gap, beam on time of 10 min, and measured beam 
current of approximately 120 mA/pulse.
4.2,6 In-Situ Dosimetry and Dose Rate Uniformity
One of the key assumptions in the calorimeter model is that both syringes 
(reference and sample) must be irradiated at the same dose rate. In order to make sure 
that both syringes received the same dose, two reference syringes were irradiated and the 
temperature was monitored. The temperature of both syringes should be the same 
throughout, assuming that they are identical in construction. Furthermore, the recorded 
temperature data could be used in the calorimeter model to directly calculate the dose rate 
received by each syringe, since there was no cure reaction in either syringe. The 
experiment involved irradiating at 25 pps, 40% scan width, 30.5 cm (12 in) air gap, and 
cathode voltage of 11 V for several minutes, while recording the temperature of both
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syringes. When both references reached steady state at a set pulse rate, the pulse rate was 
increased by 25 pps. This procedure was repeated to a final pulse rate of 100 pps. The 
temperature data recorded in a comma separated file formed raw data needed for 
calculating the in-situ dose rate. Accurate measurement of the ambient temperature was 
also necessary, and it is described in the next section. The high pulse irradiation 
(i.e. 100 pps) at the end of the experiment was required for measuring the heat transfer 
coefficient as discussed in Chapter 3. The accelerator was turned off after high pulse 
irradiation when both the reference temperature reached steady state (at ~ 60°C) and 
within approximately 1°C to 2°C of each other. Once the beam was turned off, the 
references were allowed to cool down and temperature was continued to be recorded until 
the temperature of references were very close to ambient temperature (within 0.5°C to 
1°C). Temperature data of the references during cool down was used to calculate the in- 
situ heat transfer coefficient as described in Chapter 3.
4.2.7 Calorimeter Trials
Calorimeter cure monitoring trials were done by irradiating a sample (i.e. uncured 
PGE) syringe and a reference (pre-cured PGE) syringe. First the center of the beam was 
determined as described previously. Next, the two syringes were placed on the fixture 
and clamped in place. To measure the ambient temperature, free thermocouples were 
placed on either side of the fixture as shown in Figure 11. Each ambient thermocouple 
was placed about 8 in (20.3 cm) away from the edge of the fixture base plate. This 
ensured that both thermocouples would not receive any significant beam exposure during 
the irradiation and thus would measure only ambient air temperature. These 
thermocouples and those from the syringes were connected to relay block inside the e­
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beam vault. These lines were ultimately connected to a computer data acquisition system
located outside the vault in the control area (Section 4.1.2).
Figure 11: Experimental set up for calorimeter trials.
After placing the syringes on the fixture, the temperature of both syringes was
allowed to equilibrate for five minutes before irradiation. The ventilation fan to the vault 
was turned off, and all the vents inside the vault were sealed using a duct tape. The 
ventilation fan works as an exhaust fan to remove any ozone generated during the 
radiation, and the vents allow air to seep into the vault. This caused air currents inside 
the vault. It was found that the ozone fan and vents were contributing significantly to 
ambient temperature fluctuations. Once the ozone fan was turned off and vents were 
sealed, ambient temperature fluctuations were reduced. After approximately five
minutes, the accelerator was turned on and the sample and the reference were irradiated.
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The primary experiment used in this study to gain kinetics information on PGE 
cure involved a cyclic irradiation of materials in order to keep the resin temperature low 
to avoid a runaway exotherm. The sample and the reference were irradiated in ten brief 
(~ 1-2 min) on and (~ 10-15 min) off cycles at 25 pps, 80% scan width, 12 in (30.5 cm) 
air gap, cathode voltage of 11 V, and measured beam current of 120 mA/pulse. This was 
followed by a sustained period of high pulse irradiation at 75 pps, 40% scan width, 12 in 
(30.5 cm) air gap, cathode voltage of 11 V and beam current of 80 mA/pulse. The 
purpose of the high pulse irradiation (75 pps) was to complete the cure and raise the 
temperature significantly so that the heat transfer coefficient could be measured (see
Chapter 3).
During the primary part of the experiment involving cyclic exposures, the sample 
was irradiated at low dose rate (~2.5 kGy/min) in order to avoid runaway reaction. In 
initial calorimeter trials, it was observed that when the sample was irradiated initially at 
higher dose rate (e.g. ~5 kGy/min and higher), then runaway reaction occurred with the 
temperature of sample reaching up to 170°C. In some trials it was observed that when 
the sample was irradiated continuously until its temperature reached about 35°C, runaway 
reaction occurred and the temperature of the sample continued to rise even when the 
beam was turned off. Therefore the sample was irradiated in ten on and off cycles 
followed by a high pulse irradiation, with the beam on time varying between 1 and 2 min. 
This ensured that the temperature of sample remained under 35°C.
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CHAPTER 5
RESULTS AND DISCUSSION
5.1 Film Dosimetry
The dosimetry results for radiachromic films spaced evenly apart on the platform 
are given in Figure 12. The dosimetry was performed to locate the center of the beam 
relative to the center of the cart which was held stationary (Section 4.2.5). As shown in 
Figure 12A, the beam was highly uniform in the X direction to a width that is greater than 
the length of the syringes which was approximately 2.3 to 5.8 in (5 to 8 cm). Figure 12B 
shows that that the beam center was shifted slightly to the negative Y direction and dose 
rate dropped by about 15% to 22% between the center (Y =0) and Y = ± 0.5 in. The dose 
rate was approximately uniform in this range, where the calorimeter fixture resides (Y =
± 0.2 in from the center), and therefore the syringes received approximately the same 
dose rate. Nevertheless, the calorimeter fixture was placed on the platform and 
positioned slightly in the negative Y direction (~ 0.25 in) in order to ensure that both 
syringes received exactly the same dose. This was verified using in-situ dose rate 
measurements on two reference syringes irradiated simultaneously as discussed in
Section 5.3.
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(A) (B)
Figure 12: Film dosimetry results for 25 pps, 80% scan width, 12 in air gap, 120 
mA/pulse beam current, exposure time 10 min, films placed directly on cart in the (A) X 
direction, (B) Y direction.
The dose rate calculated from films placed inside each empty syringe (Section 
4.2.5) is given in Table 10. The average dose rate for each film is approximately
2.5 kGy/min. The accelerator settings used were 25 pps, 80% scan width, 30.5 cm 
(12 in) air gap, beam on time of 10 min, and measured beam current of approximately 
120 mA/pulse.
Table 10: Dose rate from film dosimetry inside empty syringe.
Film Position in Syringe
Left Middle Right
Average
Dose Rate 
(kGy/min)
Dose Rate 
(kGy/min) 
Syringe 1
2.64 2.43 2.43 2.50
Dose Rate 
(kGy/min) 
Syringe 2
2.40 2.56 2.54 2.50
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5.2 Data Conditioning
5.2.1 Raw Data Filtering and Time Smoothing
A sample of the raw temperature data from a typical calorimeter trial (Section
4.2.7) is given in Figure 13 A. The noise observed during the irradiation of samples is 
attributed to direct electron injection into the thermocouple circuit from the beam and/or 
indirect noise sources related to the operation of the e-beam. The noise increased 
significantly when the sample and reference were irradiated at high pulse rate (75 pps)
(t = 7800 - 8600 s). In order to remove the noise, a simple data filtration and smoothing 
technique was implemented in a computer spreadsheet.
Time (sec) Time (sec)
(A) (B)
Figure 13: (A) Raw temperature profile with sample and reference undergoing 
irradiation, and (B) after noise removal.
First, the noise was removed from the raw data by comparing the magnitude of 
the difference between successive temperatures, |Tt - Tt-At|, to a pre-defined tolerance 
value. If the difference was greater than the tolerance, then the current temperature value 
(Tt) was set equal to the previous value (Tt-At), else it was retained its original value. The 
tolerance values used for sample, reference, and ambient temperature are given in
55
Table 11. This method worked reasonably well in removing most of the noise associated
with the e-beam (Figure 13B).
Table 11: Tolerance values used in 
raw data filtration.
Temperature 
Data Of
Tolerance 
Value Used 
(°C)
Sample 0.4
Reference 0.4
Ambient 0.2
A separate issue involved random temperature fluctuations over small time scales 
(~ 5 s). As an example Figure 14A shows such fluctuations in the temperature of the 
sample during irradiation. To condition this data for subsequent numerical operations, 
the data obtained from the above filtration method was subsequently averaged using an 
eleven point central moving average method (Figure 14B). Using this method, the total 
of eleven data points were averaged between t = t-5At and t = t+5At and assigned to T(t). 
This introduced some rounding of sharp temperature peaks but it was deemed necessary 
to smooth out subsequent derivative calculations. A 21 point formula was tried, but this 
was judged to produce an unacceptable amount of rounding while not significantly 
improving the derivative calculations.
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Figure 14: (A) Fluctuations in sample temperature before time averaging, and 
(B) removal of fluctuations after time averaging.
5.2.2 Ambient Temperature Adjustment
Figure 15A shows the temperature profile of the sample, reference, and ambient air 
temperature measured using two thermocouples (Ambient 1 and Ambient 2) during a 
period of 300 s before the beam was turned on for the first time. The ambient 
temperature was approximately 0.3 to 0.4°C less than the sample and about 0.7 C less 
than the reference temperature. In the calorimeter analytical model, if the reference 
temperature is greater than the ambient, then, the model equations will predict a positive 
dose rate even when the beam is off. In order to avoid this discrepancy first both ambient 
temperatures were averaged and then a constant value of 0.15°C was added to this 
average ambient temperature data set (Figure 15B), which caused the ambient 
temperature to be closer to the sample and reference temperature. The ambient 
temperature was averaged because it was found that the ambient temperature measured 
by both thermocouples differed by 0.3°C, which is not uncommon for thermocouples in 
general due to channel to channel variations of the data acquisition board. It was 
necessary to ensure that the maximum ambient temperature was less than or equal to the
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minimum reference or sample temperature in order to avoid negative derivatives during 
subsequent calculations.
(A)
Sample
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* Sample
□ Reference
Average Ambient Shifted
* Average Ambient
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(B)
Figure 15: (A) Ambient temperature profile before, and (B) after adding a constant 
factor.
5.2.3 Example of Final Data Set
Figure 16 shows the filtered and smoothed temperature of sample, reference, and 
ambient air for a complete calorimeter run. The ambient temperature in Figure 16 is the 
average of the average of the ambient air temperature measured by the two
thermocouples (Ambient 1 and Ambient 2) and subsequently shifted. As shown in 
Figure 16, both the reference and sample temperatures begin to climb immediately when 
the beam is turned on (at t = ~ 300 s). This response was expected for the non-reacting 
reference sample and is attributed to “beam heat”, which is the energy deposited by the e- 
beam. The effect of e-beam heat on material temperature rise, for example, is often 
estimated by the absorbed dose (kJ/kg) divided by the material’s heat capacity (kJ/kg °C),
which is valid for adiabatic and non-reactive conditions. This will result in an
overestimation of the reference sample temperature rise in our studies because of the
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convective heat loss, but it is mentioned here to help illustrate the principles and
demonstrate that reasonable results have been obtained. The difference between the
reference and sample temperature is due to the exothermic heat release in the sample. 
Figure 16 also shows the final high pulse irradiation starting at t = 7800 s where the 
sample and reference temperature rise to approximately 50 °C and then beam was turned 
off. The heat transfer coefficient was taken from the final cooling curve of the reference. 
The filtering, smoothing, and ambient temperature adjustment described in the previous 
sections were the only operations used on the raw temperature data to calculate the dose 
rate, reaction rate, and degree of cure throughout the following sections.
Time (sec)
Figure 16: Filtered and time averaged temperature profile of PGE (with 1 wt% PC2506) 
sample and reference undergoing irradiation. “On” and “Off’ refer to the period when 
the beam was turned on and off.
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the calculated values of heat transfer coefficient for each reference. The data generally 
resembled power law behavior. For AT < ~ 1.5°C for reference 1 and AT < ~ 2.5°C for 
reference 2, calculated values of the heat transfer coefficient show wide scatter 
symmetrically about the average value of h. These fluctuations are from slight 
fluctuations in temperature when the syringe temperature approaches the ambient
temperature.
Figure 18: Heat transfer coefficient correlation for (A) reference 1, and (B) reference 2. 
Next, a power law function of the form h = a(Tr - Ta)n was fitted to the heat
transfer coefficient data for each reference, over a selected range of values for heat 
transfer coefficients, from Tr- Ta of 0.15°C to 37.41 °C for reference 1 (Figure 18A) and 
from 2.5°C to 35°C for reference 2 (Figure 18B). The range was chosen such that the 
best-fit power law correlation was not tuned to the scatter at low (Tr - Ta) or beam-off 
artifacts at high Tr -Ta. The power law correlation of the form h = a(Tr - Ta)n was chosen 
because the trend in the experimental data suggest that the power law is suitable and it 
can also predict the heat transfer coefficient when Tr ~ Ta. The values of a and n for 
reference 1 were 7.8469 and 0.2400 respectively and values of a and n for reference 2
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were 6.1558 and 0.3383 respectively. The heat transfer coefficient of each reference 
syringe was calculated separately from the cooling profile (Figure 17) of each reference 
syringe. This was done to show typical values obtained and syringe to syringe variations 
even when both reference temperatures were very close during the cool down.
Next, the dose rate was calculated using Equation (3.10) and is given in Figure 
19. Two interesting features of Figure 19 are:
• The calculated dose rate values for both reference syringes were 
approximately equal. This indicates that both syringes received 
approximately the same dose rate.
• The calculated dose rate is zero during first 300 s when the beam was off.
The dose rate increased when the beam was turned on at 25 pps and remained 
constant until the pulse rate was increased to 50 pps. Each time the pulse rate 
was increased, the dose rate also increased monotonically. When the beam 
was turned off at t = 2300 s, the dose rate dropped to zero and remained zero 
thereafter. The slightly negative values of dose rate seen immediately after
the beam was turned off are attributed to brief artifacts associated with a
significant change in heat transfer when the beam is turned off. The scatter in
the dose rate data is attributed to the effect of random fluctuations in
temperature data on the derivative.
62
Figure 19: Calorimeter calculated dose rate for simultaneous irradiation of two reference 
syringes.
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5.4 Quantitative Verification of Dose Rate
Described in this section are results that serve to verify the quantitative accuracy 
of in-situ dose measurements made on the reference syringes. Data was taken from a 
typical calorimeter experiment, specifically as given in Figure 16. The in-situ dose rate 
for the calorimeter trial discussed here was calculated from Equation (3.10). Figure 20A 
shows the reference temperature and calculated dose rate. Figure 20B is a magnified 
view of the calculated dose rate for first two irradiation cycles.
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Figure 20A: Actual reference temperature and calculated dose rate for calorimeter 
experiment given in Figure 16.
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Figure 20B: Magnified view of Figure 20 (A), temperature and dose rate for first 
two irradiation cycles.
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As shown in Figure 20A and Figure 20B, the dose rate calculated by the model increased 
as the beam was turned on and dropped to near zero when the beam was turned off. This 
indicates that qualitatively, calorimeter behaves very well. Figure 20B shows that when 
the beam was turned off, the dose rate values fluctuate around zero. As shown in Figure 
20, the average dose rate received by the sample and the reference was approximately
3.5 kGy/min (excluding high pulse irradiation), whereas the dose rate from the film 
dosimetry inside syringe was approximately 2.5 kGy/min (see Table 10). Johnston et al. 
have also found that dose rate calculated using their foamed calorimeter was roughly 
25% higher than the dose rate measured using film calorimetry in similar experiments 
[26].
To investigate the sensitivity of the relation between dose rate and reference 
temperature, the dose rate values from the film dosimetry were input in Equation (3.11) 
and reference temperature was calculated. The predicted reference temperature was then 
compared with the measured reference temperature (Figure 21). The predicted reference 
temperature was unacceptably lower than the actual measured temperature.
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Figure 21: Actual and predicted reference temperature using film dosimetry dose rate. 
Alternatively, the in-situ dose rate calculated by the calorimeter model was
substituted back into Equation (3.11), and the resulting predicted reference temperature 
was compared with the measured temperature. This was done to verify the computer 
spreadsheet and mathematical accuracy of developed numerical model equations. As 
shown in Figure 22, the predicted reference and measured reference are the same as it 
should be if there were no mathematical errors in implementing the numerical equations 
and computer spreadsheet operations.
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Figure 22: Mathematical verification of calorimeter numerical equations.
The most probable explanation for higher dose rates obtained from the in-situ
reference temperature analysis is related to dose-depth relationships. Recall that the film 
dosimetry was performed by placing films inside an empty syringe. Thus the electrons 
will have to pass only through the syringe and reach the films, where in a resin filled 
syringe, the electrons will have to pass through the syringe and through resin to reach the 
thermocouple. This extra depth of resin will give rise to additional electron scattering 
and associated rise in dose. The dose increases as the beam penetrates through additional
mass until it reaches a maximum and then decreases to zero. To a first degree, the 
standard dose-depth curves for a 3 MeV beam in polystyrene [52] (Figure 23A and 
Figure 23B) can be used to predict a dose-depth result for the syringe-air and syringe- 
resin systems.
In this case, the density of the syringe and epoxy resin is approximately the same 
as polystyrene. Therefore each mm of depth for polystyrene is equivalent to 1 mm of
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depth for the syringe and epoxy. On the other hand, the density of air is relatively low 
and thus represents almost zero depth on the curves given in Figure 23A and Figure 23B. 
The relative dose received by the thermocouple, which is assumed to be at the center of 
the syringe, is indicated in Figure 23 A and Figure 23B to be 1.7 and 2.15 for the air filled 
syringe and resin filled syringe, respectively. This represents a 26% increase in the dose 
in the resin filled syringe, which is on the same order as that obtained experimentally for 
the in-situ calorimeter measurement relative to the film dosimetry results. Note that the 
dose-depth analysis performed above is highly approximate, and therefore exact 
agreement is not necessary to support verification. The main idea is that there is good 
reason to believe that the in-situ measurement should be significantly higher (25 - 50%) 
than the film dosimetry results, and furthermore these in-situ results are more accurate 
since they inherently include dose-depth effects.
(A) (B)
Figure 23: Dose depth illustrations for (A) air filled syringe, and (B) resin filled syringe. 
The standard curve is taken from [52] for 3 MeV e-beam in polystyrene.
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5.5 Reaction Rate and Degree of Cure
In this section, cure rate and degree of cure of PGE (with 1 wt% PC 2506) 
undergoing intermittent e-beam irradiation are calculated using the calorimeter model. 
These results are discussed and compared with predictions from the Lee-Palmese kinetics 
model. The dose rate calculated from the calorimeter model is given in Section 5.4.
5.5.1 Calorimeter Calculated Rate
The reaction rate of PGE was calculated using Equation (3.5) and temperature 
data from a sample and reference syringe (see Figure 16). The heat transfer coefficient 
was calculated from the reference temperature cooling data (t = 8600-9500 s) (see Figure 
16) as explained in Section 5.3. Figure 24 shows the calculated values of heat transfer 
coefficient and power law correlation that was fit to the experimental heat transfer
coefficient data.
Figure 24: Heat transfer correlation for reference temperature given in Figure 16.
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The overall reaction rate profile is given in Figure 25A. Figure 25B shows 
magnified view of the reaction rate profile for first two irradiation cycles. During first 
300 s, when the beam was off, the model calculated an average reaction rate near zero as 
there was no reaction taking place. The average was slightly negative because the 
reference temperature was slightly higher than the ambient temperature at the start of 
irradiation. When the beam was turned on at approximately 300 s, the temperature of the 
sample and reaction rate increased, indicating that the reaction was taking place. The 
reaction rate peaks became relatively smaller after the third cycle, which would be 
explained by monomer consumption and considering Equation (2.9). During each on-off 
cycle, the reaction rate increased rapidly and then decayed quickly once the beam was 
turned off. However it did not become zero immediately, rather it continued to decay in 
an exponential manner. This indicates that the homopolymerization of epoxy was still 
continuing, even when the beam was off. The range of values of reaction rates calculated 
by our calorimeter (0 to 3 x 10'4 s’1) are found to be in the range of reaction rates 
calculated by Johnston et al. [26].
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Figure 25A: Measured sample temperature and reaction rate.
Figure 25B: Magnified view of measured sample temperature and rate.
5.5.2 Calorimeter Calculated Degree of Cure
Figure 26 shows the measured sample temperature taken from Figure 16 and
degree of cure calculated using Equation (3.7). The degree of cure increased
incrementally each time the beam was on and finally leveled off at 0.6 after high pulse 
irradiation. The degree of cure continued to increase even when the beam was turned off
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indicating that the polymerization reaction was still continuing “in the dark”. A final 
degree of cure of 1.0 was expected. This discrepancy is explained in Section 5.5.3.
D
eg
re
e o
f C
ur
e
Time (sec)
Figure 26: Measured temperature and calculated degree of cure.
5.5.3 Comparison with Cure Kinetics Model
In this section, reaction rate and degree of cure calculated by the calorimeter 
model was compared with the reaction rate and degree of cure predicted by the Lee- 
Palmese model, which is the most recent and accurate prediction tool for e-beam curing 
of the model material system studied herein.
A discretized version of the Lee-Palmese model Equation (2.2) and Equation (2.4) 
were entered into a computer spreadsheet. The inputs to the Lee-Palmese model were 
following: initial concentration of photoinitiator (PC 2506), initiation rate constant kj, 
propagation rate constant (kp), and a factor f, which takes into account the step decrease
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in the concentration of active center when the beam is turned off [25]. Values for kj were 
calculated from the in-situ dose rate and a correlation (Equation 2.8) given by Mascioni 
[31]. Values for kp were calculated from the temperature and constants given by 
Mascioni (E, kpo, R) [31]. Before inputting the dose rate in the Lee-Palmese model, the 
dose rate values were averaged for each ON cycle, and set to zero when the beam was 
off. The averaging was necessary because the dose rate values calculated from the 
calorimeter fluctuated with occasional negative values (see Figure 19). The initial 
concentration of photo initiator PC2506 (i.e. moles of PC2506/L of PGE) was calculated 
from the known density and the molecular weights of PC2506 (see Table 5). Table 12
shows the values used in the Lee-Palmese model.
Table 12: Input parameters for Lee-Palmese 
model.
Input Value
Co (mol/L) 0.015
E (kJ/mol) 75.66
R (kJ/mol K) 0.0083
kp0 (L/mol s) 1.22*1012
f 0.4
Experiments conducted by Lee et al. have shown that although there is a rapid 
decay in the reaction rate once the beam is turned off, the rate does not decay to zero but 
rather slow decay in rate is observed [25]. Lee et al. attributed the quick decay in the 
reaction rate followed by the gradual decay in the rate to existence of two classes of 
active centers that take part in polymerization reactions: a short-lived type that exists only 
when the e-beam is on, and another type that does not deactivate when the beam is turned
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off. This latter type of active center causes reaction to propagate during the beam off 
Thus, there are two types of reactions taking place: the “light reaction” that takes place 
normally when the beam is on, and “dark reactions” that take place after the beam is 
turned off [25]. Thus the next step is to verify the calorimeter measured reaction rates 
with the rates predicted by the Lee-Palmese model and see if there is any agreement
between the rates.
Figure 27A shows the comparison between calorimeter calculated reaction rates 
with reaction rates predicted by the Lee-Palmese model. Figure 27B is a magnified view 
of the first two irradiation cycles from Figure 27A. When the beam was on, during first 
four cycles, the maximum “light” reaction rates predicted by the Lee-Palmese model 
were lower than that measured by the calorimeter. After the fourth cycle, the measured 
and predicted maximum “light” reaction rates agreed well. Another point of comparison 
is the decay in rate during beam off periods. The dark reaction rates measured by the 
calorimeter decayed more gradually than that predicted by the Lee-Palmese model. 
However, the range of rates measured over the entire dark period bracketed that given by
the Lee-Palmese model.
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Figure 27A: Measured and predicted rates.
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Figure 27B: Magnified view of measured and predicted rates for first two cycles.
Figure 28 shows the comparison between the degree of cure measured by the 
calorimeter and that predicted by the Lee-Palmese model. Excellent agreement was 
observed through the first ten irradiation cycles. The only major discrepancy was that the
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Lee-Palmese model predicted full conversion of the epoxide, whereas the conversion 
calculated from the calorimeter model is about 0.6 (60%).
Figure 28: Measured and predicted degree of cure and measured temperature.
The cause of this discrepancy was verified using the following approach. A small
portion of resin from the “sample” syringe was removed at the end of the calorimeter 
trial, and DSC run was performed immediately to examine any residual heat release. The 
DSC scan showed no residual heat evolution (Figure 29), which indicated that the resin 
was fully cured. Thus there was an error in the analysis of the calorimeter data set. This 
error was attributed to the formation of bubbles that were seen in the syringes after the 
experiment was completed. A relatively large amount of energy is generally associated 
with the phase change (i.e. evaporation here), which is not accounted for in the
calorimeter model. Johnston et al. also observed negative degree of cure in some
calorimeter trials involving PGE, and they attributed this to imperfect energy balance 
caused by the formation of resin voids in syringes [26]. It was not clear whether these
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bubbles were generated throughout the experiment or during the final high pulse rate
irradiation.
Figure 29: DSC scan of e-beam cured resin to verify residual heat evolution.
Therefore, a simple experiment was conducted where a syringe containing uncured PGE 
with 1 wt% PC2506 was irradiated at low dose rate (~ 2.5 kGy/min) in four short on 
(~ 1 min) and off cycles. The syringe was visually inspected each time the beam was 
turned off to see if any bubbles were formed. The accelerator parameters were kept same 
as in Section 4.2.7. It was found that no bubbles were generated when the sample was 
irradiated at low dose rate. Then, the syringe was irradiated for 90 s at high pulse rate 
(75 pps). The accelerator parameters corresponding to the high pulse rate irradiation 
were same as in Section 4.2.7. At the end of high pulse radiation, bubbles were found to 
be present in the syringe (Figure 30). This experiment confirmed that the bubbles are 
indeed formed only during the high pulse irradiation, and therefore the accuracy of 
calculations for PGE irradiated at lower dose rate was not affected by the phase change.
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Figure 30: Bubbles in the syringe after high pulse irradiation.
We believe that due to the formation of bubbles around the thermocouple
junction, the measured temperature of the sample is lower than the actual bulk 
temperature in the syringe during irradiation. Thus, the reaction rates calculated by the 
calorimeter are lower during high pulse irradiation are essentially zero, and the 
corresponding degree of cure is constant (Equation 3.7). Alternatively, recall that the 
degree of cure is the ratio of the cumulative heat evolved during the reaction to the total 
heat of reaction. The cumulative heat evolved during high pulse irradiation is seemingly
less than the actual heat evolved because the calorimeter model does not account for the
heat of vaporization which is an additional heat sink. Thus the calculated degree of cure 
is less than the value measured by DSC.
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CHAPTER 6
CONCLUSIONS
A simple calorimeter and associated heat transfer model were developed to 
measure the reaction rate and in-situ dose rate for a polymer resin system undergoing 
e-beam irradiation. The calorimeter was used to measure the reaction rate of phenyl 
glycidyl ether (PGE) with 1 wt% catalyst. PGE was irradiated intermittently for several 
cycles at low dose rate, followed by a high pulse irradiation to raise the sample 
temperature. The heat transfer coefficient was determined from the cool down curve.
The reaction rate and degree of cure were calculated using the calorimeter model 
equations. Reaction rates measured by the calorimeter showed that the rate increased 
rapidly when the beam was turned on. The rate initially decreased quickly when the 
beam was turned off, and then more gradually decreased in an exponential manner but 
never became zero. This indicated that the polymerization reaction was still continuing 
even when the beam was turned off. This “dark reaction” was also reflected in the degree
of cure results and is generally in agreement with the literature.
In order to verify the accuracy of the calorimeter, reaction rates and degree of 
cure were compared with the recently developed Lee-Palmese kinetics model for 
monofunctional resin system such as PGE undergoing interrupted cycles of e-beam or
UV irradiation. The reaction rates measured by the calorimeter were within a factor of
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two of the predicted rates from the Lee-Palmese model. During the dark reaction, the 
calorimeter predicted slower initial decay upon turning the beam off, followed by more 
rapid decline not predicted by the Lee-Palmese. These effects counter balanced the 
degree of cure calculation such that the overall degree of cure calculated by the 
calorimeter was in excellent agreement with the Lee-Palmese model at lower dose rates. 
At higher dose rates the agreement disappeared. The cause of this disagreement was 
verified experimentally and it was attributed to the formation of bubbles that were 
generated during high dose rate irradiation. In the calorimeter model equations, the 
energy associated with the vaporization was not taken into the account, thus the degree of 
cure calculated by the model at higher dose rate did not agree with the Lee-Palmese 
model predicted degree of cure.
The in-situ dose rate calculated by the calorimeter was found to be higher than the 
dose rate measured using film dosimetry. The reason for higher dose rate was attributed 
to the dose-depth relationship. The calculated dose rate from calorimeter model 
equations is believed to be more accurate than the film dosimetry dose rate.
The results demonstrate that the e-beam calorimeter developed in this study is 
relatively inexpensive, simple to use, and reliable technique.
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CHAPTER 7
RECOMMENDATIONS
• We recommend welding thermocouple junctions rather than twisting, especially 
for high-shrinkage resins (e.g. vinyl esters). In these cases we noticed that 
thermocouples would occasionally malfunction and lead to an open circuit at high 
levels of cure and upon cool down.
• Additional work is needed to investigate effects caused by imperfect placement of 
the thermocouple junction in the syringe. In practice, it was difficult to force the 
junction to be located exactly in the center of the syringe. We suspect that this 
may be the cause of slight variations in heat transfer coefficients from run to run.
• The MS excel spreadsheet should only be used for the noise filtration and 
smoothing. Instead of using a spreadsheet for calorimeter heat transfer model 
calculations, all the equations should be programmed using a programming 
language such as Visual Basic. One of the major advantages would be 
minimizing numerical error that can occur, because each time a new experiment is 
performed; a new spreadsheet is needed to analyze the data. Thus, model 
equations and associated constants have to be re-entered in the spreadsheet. This 
is also time consuming due to the large size of data involved.
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• The calorimeter should be further tested using different resin system (e.g. vinyl 
ester) to see if the calorimeter can accurately measure reactions rates and in-situ 
dose rate for any polymer resins. Since full kinetics models may not be available 
for these, the total heat of reaction can be used as practical verification.
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